Previous neuroimaging studies indicate that the human amygdala activates during exposure to aversive visual, olfactory and gustatory stimuli. To examine amygdala responses to aversive auditory stimuli, we exposed healthy human subjects to unpleasant sounds while regional cerebral blood flow (rCBF) was assayed with O-15 PET. Eight subjects, all of whom described themselves as reactive to aversive sounds, participated in the study. Relative to white noise, the aversive sounds produced significant rCBF increases in the lateral amygdala/claustrum region. Significant activations also localized to the dorsal brainstem, medial temporal pole, basal forebrain (nucleus accumbens), insula, right auditory association cortices, putamen, thalamus and cerebellum. These data indicate that the amygdala responds to aversive auditory stimuli in a manner similar to its response to unpleasant stimuli in other sensory modalities. The data further highlight a widely distributed network of cortical and subcortical areas activated during exposure to aversive sounds. © 2002 Elsevier Science (USA)
Increasing evidence indicates that the human amygdala activates in response to aversive sensory stimuli. Such responses have emerged during exposure to aversive odorants (Zald and Pardo, 1997) , tastes (Zald et al., 1998) , and visual stimuli (Irwin et al., 1996; Lane et al., 1997; Taylor et al., 1998) . This suggests that the amygdala plays a multimodal role in evaluating or responding to aversive stimuli. If so, aversive auditory stimuli should also be expected to activate the human amygdala.
The lateral nucleus of the amygdala receives wellprocessed auditory information from temporal lobe auditory cortices (Turner et al., 1980; Amaral et al., 1992) and less processed, but faster, projections from the auditory thalamus (Doron and LeDoux, 1999) . Single cell studies in rodents support the responsiveness of the lateral nucleus to auditory stimuli (Bordi and LeDoux, 1992) , and a wealth of data indicates the importance of the lateral nucleus in associating auditory stimuli with unconditioned aversive stimuli (LeDoux, 2000; Repa et al., 2001) . However, data on the specific types of sounds that activate amygdala cells remain scarce.
Numerous neuroimaging studies have probed the neural correlates of auditory processing in humans, but only a few have reported increases in amygdala activity. To data, studies observing increased amygdala activity in response to sounds fall into two classes:
(1) responses to emotional vocalizations (Phillips et al., 1998; Morris et al., 1999; Sander and Scheich, 2001) ; and (2) responses to unconditioned sounds that are experienced as aversive (Mirz et al., 2000; Morris et al., 2001) . Although the responses to unpleasant unconditioned sounds can be predicted based on amygdala responses in other sensory modalities, results from different neuroimaging studies have been inconsistent. For instance, Mirz et al. (2000) observed rCBF increases in the vicinity of the parrahippocampal gyrusamygdaloid region when subjects listened to unpleasant high-pitched tones or to repeating environmental sounds that mimicked tinnitus relative to silence. Similarly, Morris et al. (2001) observed activity in lateral portions of the left amygdala during exposure to aversively experienced brief 500 ms bursts of 100 db white noise. In contrast, no amygdala increases were observed in subjects exposed to increasingly dissonant music (Blood et al., 1999) , repeated sounds of car crashes (Frey et al., 2000) , or combinations of pleasant and unpleasant sounds relative to neutral sounds (Royet et al., 2000) .
Two factors may contribute to the inconsistency of amygdala responses in previous neuroimaging studies of unpleasant sounds. First, the sounds in several of these studies are experienced as only mildly unpleasant. Some studies using stimuli in other sensory modalities suggest that amygdala recruitment increases with the increasing aversiveness of the stimuli (Irwin et al., 1998; Zald and Pardo, 2000) . Thus, responses to highly aversive stimuli may provide a more useful probe for inducing amygdala activations.
A second factor relates to the temporal aspects of amygdala responses. Electrophysiological data in rodents indicate that amygdala responses to auditory stimuli undergo extremely rapid habituation (Bordi and LeDoux, 1992; Bordi et al., 1993) . Since some of the previous neuroimaging studies utilized a single prolonged exposure to a stimulus or repeating exposure to the same or very similar stimuli, they may have failed to capture increased amygdala activity due to habituation. In contrast, studies like that of Morris et al. (2001) , which utilized extremely brief and temporally separated exposures, successfully generated amygdala responses.
In the present study we examined rCBF during exposure to a highly aversive sound collage. In order to maximize the likelihood of strongly unpleasant evaluations of the stimuli, we limited the study to subjects who described themselves as reactive to unpleasant sounds. We further attempted to limit the potential effects of habituation, by utilizing a relatively brief stimulus exposure and scan acquisition, and an evolving sound collage of different unpleasant sounds.
MATERIALS AND METHODS
Eight healthy subjects (five right-handed females; three right-handed males) with an average age of 27 years (range 20 -36 years) participated in the study. All subjects described themselves as "reactive to unpleasant sounds such as nails on chalkboard" during screening interviews. Nevertheless, these subjects probably do not represent a truly extreme sample in terms of reactivity. Many of the subjects who considered themselves to be extremely reactive to sounds declined participation, either out of a desire to avoid exposure to the sounds, fear of needles, or concerns about radiation. Additionally, several potential subjects who described themselves as highly reactive to sounds were excluded due to the presence of psychiatric conditions (specifically affective or anxiety disorders). All subjects completed informed consent approved by the Minneapolis Veterans Affairs Medical Center's Human Subjects Committee and Radioactive Drug Research Committee. Subjects were informed that they would receive unpleasant sounds for 60 s, from one to three times during the course of the study. However, subjects remained blind to the specific stimulus, and were not told during which scans it would occur.
The aversive auditory stimulus consisted of a sound collage of environmental sounds, including nails scratching, metal scraping, Styrofoam squeaking, a dentist drill, and a scratchy violin. Figure 1 displays spectrograms of isolated portions of several of these sounds. Most of these sounds are characterized by a fundamental frequency between 4000 and 6000 Hz with multiple high amplitude and high frequency harmonics and/or broadband noise. The sounds may be downloaded from http://www.psy.vanderbilt.edu/ faculty/zalddh/sounds/. The sounds were presented through headphones with a peak sound pressure level of 85-90 db. As a control condition, subjects listened to white noise. The white noise started at a volume of approximately 30 dB and was increased over a period of 2-3 s to approximately 75 dB where it was maintained for 60 s. This approach was taken in order to avoid a startle response, which might occur if the stimulus was started initially at full volume. The terminal volume was kept lower than the aversive sounds so as to prevent subjects perceiving it as aversive (even at this lower volume, two subjects described it as moderately unpleasant).
RCBF was estimated from normalized (1000 counts) tissue radioactivity using an ECAT 953B camera (Siemens, Knoxville, TN) with septae retracted, a fastbolus injection of H 2 15 O (0.25 mCi/kg; e.g., 17.5 mCi or 648 MBq for a 70-kg person) infused at a constant rate over 10 s, and a 60-s scan acquisition beginning upon radiotracer arrival into the brain. Subjects were positioned in the scanner to maximize visualization of ventral frontal and temporal lobe regions. Images were reconstructed with a 3-D reconstruction algorithm with a 0.5 cycles/pixel Hanning filter (Kinahan and Rogers, 1989) with attenuation correction using a 2-D transmission scan. All scans were normalized for global activity, coregistered, and nonlinearly warped to a reference stereotactic atlas (Talairach and Tournoux, 1988) with automated software (Minoshima et al., 1992) . Images were blurred with a 3 pixel (6.75 mm) 3-D Gaussian filter producing a final image resolution of approximately 10 mm full-width at half-maximum. Statistical analyses employed the global variance of all intracerebral pixels (Worsley et al., 1993) . Primary analyses utilized a threshold of P Ͻ 0.0005 (equivalent to a Z score ϭ 3.3) for the evaluation of statistical significance. This threshold is slightly more conservative than the P Ͻ 0.001 cutoff frequently used in pixel-wise analyses of PET studies and is derived from a bootstrapping analysis of the rate of false positive foci emerging due to chance (Zald et al., 1998) .
RESULTS
All subjects rated the aversive sounds as highly unpleasant (mean ϭ 9.1 range 8 -10, on a 10-point visual analogue scale with 10 anchored by extremely aversive) and loud (mean ϭ 8.5, range 6.75-10 on a similar scale with 10 anchored by extremely loud). All subjects reported that they cringed during the sound, and they all reported at least modest muscle tension (mean 4.5, range 1.5-10). All but one of the subjects reported experiencing at least modest increases in anxiety (mean 5.2, range 0 -10). No subjects reported anger, but one subject reported being annoyed. Two subjects described the stimulus as painful, and one described experiencing "goose bumps" (peristasis). Table 1 displays the areas demonstrating significantly greater rCBF in the aversive sound conditions than in the white noise condition. The highest magnitude of these foci localized to the dorsal brainstem. This focus encompassed the periaqeductal gray, cuneiform area and the inferior colliculus (see Fig. 2A ).
Several limbic/paralimbic areas also demonstrated strong responses to the aversive stimulus. As hypothesized, rCBF increases localized to the anterior-medial temporal lobe bilaterally. In both hemispheres, this activity included laterally situated areas of the amygdala and nearby temporal claustrum (with the strongest response occurring in the right hemisphere) (see Figs. 2B and 2C) . In the right hemisphere a distinct proximal focus also emerged in the right medial (dorsal) temporal pole (see Fig. 2C ). Significant rCBF increases also localized to the basal forebrain region in an area that encompassed the nucleus accumbens and the bed nucleus of the stria terminalis (see Fig. 2C ). Other paralimbic responses included the subgenual cingulate, left orbitofrontal cortex and insula. Consistent with the more complex and louder nature of the stimulus in the aversive condition, strong activation emerged in secondary auditory cortex in the superior temporal gyrus (see Fig. 2D ). This response was largely lateralized to the right hemisphere despite the binaural nature of the stimulus presentation. A significant activation also localized to the right thalamus. Determination of specific localizations within the thalamus is difficult, but the peak appeared most consistent with the ventral anterior or ventral lateral nuclei, and was too far anterior, superior, and medial to reflect activation of the medial geniculate (auditory thalamic relay). Finally, peaks also emerged in the putamen and cerebellum.
DISCUSSION
The present study demonstrates that exposure to aversive sounds activates a network of limbic and paralimbic structures, as well as the brainstem in humans. The response of the amygdaloid region converges with previous studies indicating that the human amygdala activates during exposure to aversive stimuli in other sensory modalities, including the vi- sual, olfactory, and gustatory modalities. Taken together these data indicate that that the amygdala plays a multimodal role in evaluating and/or responding to aversive stimuli.
Several factors may have contributed to our ability to observe an amygdala response in the present study. These include the use of a highly aversive stimulus, the restriction of the subject pool to individuals who described themselves as reactive to aversive stimuli, and the use of a stimulus that evolved over time. Interestingly, during initial pilot testing for this study we exposed four subjects (none of whom described themselves as particularly reactive to sounds), to a prolonged 90-s continuous sound of nails on a chalkboard. The subjects experienced the sound as only moderately unpleasant, indicated that they rapidly habituated to it (making comments such as, "it was only really bad for the first few seconds"), and did not demonstrate increased amygdala activity. Although the many differences between the studies limits the inferential power of directly comparing the two results, they nevertheless support the suggestion that factors related to the degree of aversiveness of the stimuli, subject reactivity, or the decreased effect of habituation helped to accentuate amygdala responses to the stimuli in the present study.
The spectral attributes of the stimuli may also have increased the amygdala response in the present study. In rodents, lateral amygdala neurons appear most responsive to stimuli at higher frequencies (Bordi and LeDoux, 1992; Bordi et al., 1993) . In interpreting this finding, Bordi and colleagues suggested that this might relate to the high frequency of distress calls in rodents. Although the complex tones employed in the present study preclude a specific analysis of frequency responsiveness, they tended to involve upper midrange sounds with large amplitude, high frequency harmonics, and/or broadband noise. Mirz et al. (2000) similarly utilized high frequencies in their study that reported increased activity in the amygdala region. In contrast, many of the auditory studies that did not observe amygdala responses utilized less consistently highpitched stimuli.
An immediate question arises as to what effect highly pleasant sounds produce on amygdala activity. Two pieces of data address this issue. First, we exposed half of the subjects in the present study to an arousing and triumphant piece of music (St. Crispin's Day: the Battle of Agincourt from the Henry Vth soundtrack by Patrick Doyle). Although, the small size of the sample limits conclusions, no significant rCBF increases localized to the amygdala, ventral striatum or periaqueductal gray relative to white noise. More compelling data arise from a recent study by Blood and Zatorre (2001) who exposed subjects to music that was so intensely pleasant that it produced chills. Relative to control music, exposure to intensely pleasant music produced decreases in amygdala activity bilaterally, and the amount of rCBF decrease covaried with both the intensity of the emotional experience and the experience of chills. Taken together with the present study, the Blood and Zatorre observation suggests that intensely pleasant and intensely aversive sounds produce opposite effects on amygdala functioning.
In considering the amygdala's response to aversive sounds, it is notable that subjects consistently reported musculoskeletal tension in response to the sounds and likely experienced significant autonomic responses as well. A wealth of data from animal studies indicates that the central nucleus of the amygdala controls autonomic, hormonal, and motoric responses to aversive, stressful and fear-inducing stimuli (Davis, 1997) . Indeed, the central nucleus of the amygdala represents a critical site for controlling autonomic responses to noise stress in rodents (Galeno et al., 1984) .
Many of the areas showing strong responses to aversive sounds appear consistent with a widespread network of cortical and subcortical regions involved in the perception and avoidance of aversive stimuli. The largest rCBF response fell within the brainstem in an area that includes the periaqueductal gray, cuneiform area and inferior colliculus. Unfortunately, the spatial resolution of the present imaging technique makes it difficult to determine which of these structures contribute to the response. A response in the inferior colliculus is consistent with its role in audition. The response in the periaqueductal gray is more intriguing given its involvement in behavioral and autonomic responses to escapable and inescapable stressors (aversive stimuli) (Bandler et al., 2000) . Indeed, lesions of the periaqueductal gray in rodents impair the expression of emotional coping reactions to aversive sounds (Bandler, 1988) . It is notable, however, that chill producing pleasant music also appears to activate this region (Blood and Zattore, 2001) , raising the possibility that this response relates to a more general autonomic response to highly arousing and/or emotionally intense auditory stimuli.
A third major subcortical response emerged in the basal forebrain, with the peak region localizing to the nucleus accumbens area. This response converges with animal literature indicating the importance of this region in avoidance learning (McCullough et al., 1993) . Lesions of the accumbens impair sensory gating of acoustic startle responses, further implicating it in modulating responses to alarming or aversive sounds (Kodsi and Swerdlow, 1997) . However, rCBF increases occur in a similar region during exposure to intensely pleasant music (Blood and Zatorre, 2001) . Thus, like the dorsomedial brainstem region, this area appears to respond more generally to highly arousing/highly emotional auditory stimuli capable of generating autonomic responses, rather than to reflect a valence specific response.
The right medial (dorsal) temporal pole showed the second strongest response to aversive sounds. This represents a more novel finding in that this area has rarely emerged in either studies of emotion or audition. However, several anatomical and functional features may help to explain its response in this context. First, the dorsal portions of the temporal pole receive strong auditory input from auditory regions of the superior temporal gyrus as well as direct afferents from the medial geniculate (Moran et al., 1987) . Second, the area is heavily connected with limbic and paralimbic areas including the lateral nucleus of the amygdala, subgenual cingulate, posterior orbitofrontal cortex and insula (all areas showing activation in this study) (Herzog and Van Hoesen, 1976; Turner et al., 1980; Mesulam and Mufson, 1982; Mufson and Mesulam, 1982; Moran et al., 1987; Morecraft et al., 1992) . Third, electrical stimulation of the temporal pole in monkeys induces autonomic responses (Kaada, 1960) . Thus, the region appears uniquely positioned to influence autonomic responses to auditory stimuli.
The activation of many of the regions that connect with the temporal pole appears consistent with previous studies implicating these areas in emotional and autonomic functioning. In particular, responses in the orbitofrontal cortex converge with previous reports observing orbitofrontal activations during exposure to emotionally valenced auditory stimuli (Royet et al., 2000; Frey et al., 2000; Blood and Zatorre, 2001) . Like the temporal pole, the insula possesses input from auditory cortices and plays a role in autonomic functions (Kaada, 1960; Mesulam and Mufson, 1982; Mufson and Mesulam, 1982; Augustine, 1996) . Similarly, the subgenual cingulate is implicated in emotional processing and autonomic functions (Kaada, 1960; Simpson et al., 2001) . Moreover, it provides direct input to both the ventral striatum and the periaqueductal gray, providing a key route (in addition to the amygdala) for recruiting the brainstem (Freedman et al., 2000) . Interestingly, the subgenual cingulate has been observed to show decreased activity during dissonant music and chill inducing pleasant music (Blood et al., 1999; Blood and Zatorre, 2001 ), whereas we observed an rCBF increase.
Not surprisingly, activation was observed in the auditory cortices of the temporal lobe. Such activity was expected given that the stimulation and control condition were neither matched for intensity or complexity of sounds. Interestingly, this response was predominantly lateralized to the right temporal lobe despite the binaural presentation of the stimuli. In Mirz et al.'s (2000) study, in which aversive tones or environmental sounds were compared to resting scans, subjects also demonstrated predominantly right-sided activation in the superior temporal gyrus. The lateralization of activity in secondary auditory cortex cannot be explained simply as a consequence of differences in stimulus intensity, since increasing stimulus intensity results in greater activity in auditory regions bilaterally (Jancke et al., 1998) . Rather, it likely reflects the predominance of complex spectral features in the stimuli. A wealth of lesion (Milner, 1962; Zatorre, 1988; Divenyi and Robinson, 1989; Robin et al., 1990; Samson and Zatorre, 1994; Johnsrude et al., 2000) and neuroimaging (Griffiths et al., 1999; Hugdahl et al., 1999; Zatorre and Belin, 2001 ) data indicate that the right hemisphere plays a dominant role in discriminating timbre and other spectral features of sounds. Furthermore, the relatively lateral location of the peak response is consistent with recent data demonstrating that the auditory parabelt regions, that include the superior temporal gyrus, are primarily responsive to more spectrally complex stimuli (Rauschecker et al., 1995; Kaas and Hackett, 2000) .
The lateralization of responses in the superior temporal cortex also fits with theories of the cortical organization of emotion-both in terms of a greater involvement of the right hemisphere in negative emotional processing, and a right hemisphere dominance for emotion in general (Davidson, 1993) . However, previous comparisons, of emotionally valenced stimuli versus neutral stimuli (Royet et al., 2001) or unpleasant (dissonant) music vs pleasant (consonant) music (Blood et al., 1998) , did not indicate lateralized responses in this area. Thus, it appears unlikely that the lateralized response relates to emotional coding alone, and more likely relates, at least in part, to the differences in spectral features across the aversive sounds and the white noise.
Unexpected responses localized to the putamen and cerebellum, potentially suggesting uncontrolled motoric responses to the stimulus. These may relate to muscle tensing, and in some cases fidgeting during the aversive sounds. An area of the thalamus also showed activation. Although identification of the specific nuclei involved is difficult, the focus fell in the general vicinity of the ventral anterior and ventral lateral nuclei, which again suggests a motor-related response (Jones, 1985) . Interestingly, Blood and Zatorre (2001) reported a similar right thalamic response during exposure to highly pleasant music, and noted that these responses correlated with psychophysiological activity (Blood and Zatorre, 2001) .
In summary, the present data indicate that highly aversive sounds engage a wide-spread distributed network of structures that includes auditory sensory cortices; limbic and paralimbic areas involved in emo-tional evaluation, and in the control of behavioral and autonomic responses; as well as areas that appear related to uncontrolled motoric responses.
